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Abstract
Declining mobility is a major concern, as well as a major source of health care costs, among the elderly population. Lack of
mobility is a primary cause of entry into managed care facilities, and a contributing factor to the frequency of damaging
falls. Exercise-based therapies have shown great promise in sustaining mobility in elderly patients, as well as in rodent
models. However, the genetic basis of the changing physiological responses to exercise during aging is not well
understood. Here, we describe the first exercise-training paradigm in an invertebrate genetic model system. Flies are
exercised by a mechanized platform, known as the Power Tower, that rapidly, repeatedly, induces their innate instinct for
negative geotaxis. When young flies are subjected to a carefully controlled, ramped paradigm of exercise-training, they
display significant reduction in age-related decline in mobility and cardiac performance. Fly lines with improved
mitochondrial efficiency display some of the phenotypes observed in wild-type exercised flies. The exercise response in flies
is influenced by the amount of protein and lipid, but not carbohydrate, in the diet. The development of an exercise-training
model in Drosophila melanogaster opens the way to direct testing of single-gene based genetic therapies for improved
mobility in aged animals, as well as unbiased genetic screens for loci involved in the changing response to exercise during
aging.
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Introduction
The study of functional senescence is of great importance to the
design of interventions to extend quality of life in the elderly
population. The most common complaint among those of
advanced age is declining mobility [1,2]. Loss of mobility creates
substantial direct and indirect health-care costs. It is frequently
cited as the deciding factor in patients being forced to enter
managed-care facilities, and is also an important indirect cause in
many debilitating injuries due to falls [3–6]. Indeed, an index of
mobility has been proposed as an effective predictor of the degree
of self-care ability an individual elder will retain [7,8].
An intervention that has demonstrated great promise in
maintaining functional mobility in humans and in rodent models
is exercise-training. Exercise-training causes profound changes in
skeletal muscle capability [9] and cardiac performance [10,11]. In
both humans and rodent models, exercise-training reduces the
incidence of several age-related diseases, including cardiovascular
disease [12] and Type II Diabetes [13]. Furthermore, non-
pathological age-related declines in both cardiovascular function
and in mobility are slower in rodents or humans that undergo a
regular exercise program [9,10,12,13]. However, the genetic
mechanisms by which exercise affects the aging process are not
well understood.
In vertebrates, exercise-training has been shown to upregulate
mitochondrial biogenesis through an increase in the level of
PGC1a and to alter energy metabolism, at least in part through
regulation of AMPK (AMP-activated protein kinase) [14–17]. In
part because the sirtuin family of histone deacetylases also
regulates an overlapping subset of metabolic genes [18,19], and
since the prototypical sirtuin sir2 has been proposed to mediate
lifespan extension by dietary restriction [20,21], it has been
suggested that endurance exercise and dietary restriction work
through common mechanisms. In support of this idea, both
dietary restriction and endurance exercise improve mitochondrial
efficiency [22–27], increase the levels of ROS-scavenging enzymes
and other stress-response genes [28–31] and reduce accumulation
of oxidative damage [32–34].
On the other hand, experiments in invertebrates have shown an
increase in oxidative stress, with a concomitant decrease in
lifespan, in animals that undergo a lifelong increase in physical
activity [35,36]. Furthermore, dietary restricted animals do not
show increases in mobility or late-life functionality that correlate
well with those seen in exercise-trained vertebrates [37]. Most
importantly, although lifelong exercise can extend mean lifespan
in vertebrate models [38–40], it does not appear to extend
maximal lifespan, as dietary restriction does in multiple species
[41]. Taken together, these observations suggest that, along with
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between exercise-training and dietary restriction.
In order to facilitate the identification and study of genetic
factors that specifically mediate the effects of exercise-training on
aging physiology, we have developed a novel exercise-training
paradigm in Drosophila melanogaster. This training and assay system
is suitable for both large-scale invertebrate genetics and for
longitudinal studies to follow individual changes in physiology
during aging.
Here, we describe changes to activity, mobility and cardiac
performance as a result of exercise-training in Drosophila. Age-
related declines to both mobility and cardiac stress resistance are
substantially reduced in exercise-trained flies as compared to
genetically identical, unexercised controls. We provide evidence
that these changes derive, at least in part, from changes in
mitochondrial efficiency, and act through mechanisms partially
separable from dietary restriction.
Methods
Fly Stocks, Diet and Husbandry
Y
1w
1, y
1w
67c23 and Oregon R were obtained from the Blooming-
ton Stock Center. La and Ra lines were obtained from Robert
Arking. Standard diet utilized contains 10% yeast, 10% sucrose
and 2.5% agar. Modified diets altered the percentage of either
yeast or sucrose without altering agar. During the experimental
timecourse, flies are housed in a 25uC incubator with 50%
humidity and a 12-hour light/dark cycle.
Negative Geotaxis Assay
100 flies of each experimental group and control group are
reserved for longitudinal climbing assays. Pictures are taken
everyday prior to being placed on the machine to avoid effects of
fatigue or stress from the machine itself. Five to six empty vials are
used, with lines forming four equally spaced quadrants. Flies are
allowed to equilibrate to the vials in the 25uC room immediately
before each training session for ten minutes before assessing
negative geotaxis.
Briefly, with a light box behind the vials, tap the rack down four
times and on the fourth time, utilize a timed digital camera to snap
a picture after four seconds. The extent of climbing can be
analyzed visually or by imaging software. Four pictures of each
group are taken and averaged to arrive at a fixed score for each
vial. Placing labels directly within the picture itself helps avoid
confusion later when analyzing pictures. After the flies are back in
their normal vials, spray the assay vials with Antistatic spray, wipe
with a Kimwipe, and let dry for 24 hours.
Once photographs are collected, the number of flies in each of
four equally-spaced quadrants per vial is charted. Flies are
assigned individual scores based on which quadrant they reach
within the allotted four seconds. Flies that reach the fourth and
highest quadrant are given a score of four, flies in the third
quadrant are given three points, flies in the second are given two
points, flies in the first one point, while flies that fail to leave the
bottom of the vial are scored as zero. The total for all the flies in a
vial is tallied, then divided by the number of flies in the vial to
generate the ‘‘Climbing Index’’ for that trial. Each vial is subjected
to four trials, then the indexes from the four trials are averaged.
Finally, the climbing index for each vial on the first day of trials is
normalized to one. Further trials are then expressed as a
percentage of the starting climbing index. This scoring method
is useful for experiments in which similar genetic backgrounds are
being subjected to varying treatments.
Cardiac Pacing
Flies were connected to a square-wave stimulator and subjected
to external electrical pacing [42]. Flies’ hearts are accelerated to 6
Hz (about twice the normal speed) for 30 seconds and then scored
as either a fibrillation, an arrest or a non-event. Percent
fibrillation, percent arrest, and percent of arrested hearts that
later recover within two minutes after the test were charted.
Activity Monitoring
The Drosophila Activity Monitoring System (DAMSystem 3.0,
TriKinetics Inc.) was used to track the flies’ activity rate over time.
The DAM2 monitor system measures individual 32 flies
simultaneously, which are each placed in separate tubes that have
a cotton stopper on one and food and a plastic cap on the other
end. As a fly walks back and forth from one side of the tube to the
other end, its passage is detected and counted by an infra-red
beam which bisects the tube, and the accumulated count totals are
reported to the host computer at the conclusion of each reading
period. Flies were kept in the tubes for 2 hour intervals at each
time point. Experiments were performed at the same time of day
in each case to control for the influence of circadian rhythms.
Aconitase Assay
Aconitase activity was assayed by using Bioxytech Aconitase-
340
TM Spectrophotometric Assay kit from OxisResearch
TM. Ten
3 week old y
1w
1 Baylor male flies were homogenized in 50 ul of
trisodium citrate in Tris HCl, pH 7.4 for 20 seconds and
centrifuged at 8006g for 10 minutes. Samples were sonicated
for 20 seconds and further diluted with Tris HCl, pH 7.4 to reach
a concentration of 250 ug/ml. 200 ul of Tris HCl, Trisodium
citrate, Isocitrate dehydrogenase, and NADP+ were added to
200 ul of the sample and Aconitase activity was measured by
monitoring the production of NADPH from NADP+ at 340 nm
for 5 minutes at 37uC.
Statistical Methodology
See Methods S1
Results
Power Tower
Drosophila exhibit stereotyped, instinctive negative geotaxis
behavior when dislodged to the bottom of a vial [43]. The speed
at which they climb the wall of the vial after being knocked to the
bottom has been commonly used as an assay for locomotor ability,
and has been shown to decline with age [44,45].
In order to provoke physiological responses in flies analogous to
those produced in vertebrates during endurance exercise-training,
we employed a device known as the Power Tower (Figure 1). The
Power Tower consists of a platform that raises, then drops, several
racks of fly vials simultaneously (Movie S1, Movie S2). This
induces the flies’ instinct for negative geotaxis and causes them to
run up the side of the vial. A rotating wheel and a roller-arm allow
the machine to repeat this process indefinitely until the machine is
shut off. This facilitates user control of the duration and frequency
of exercise.
In order to determine the exercise program with the maximal
benefit, we subjected y
1w
67c23 flies to 9 different exercise-training
regimens with varying frequency, varying duration and different
schedules of ‘‘ramping’’, in which the duration of each bout of
exercise is gradually increased during the experimental timecourse
(Table 1). In all cases, flies were placed on the training regimen at
three-four days of age, and trained for three weeks, then taken off
the training for two more weeks, in order to ascertain if changes to
Drosophila Exercise-Training
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effectiveness of various regimens was assessed by charting a
‘‘climbing index’’ for each vial of 20 flies on a longitudinal basis
throughout the experiment (Methods S1). For each regimen,
exercise-trained flies were compared to unexercised flies. Unex-
ercised flies were placed on the Power Tower, but with a sponge
stopper lowered into the vial to prevent the flies from climbing.
As has been found in exercise experiments using aging humans
[7,8,46], none of the exercise regimens was able to completely halt
age-related decline in mobility. Several regimens, however, were
able to significantly reduce the slope of age-related decline in
climbing ability (Table 1). Altering the duration of exercise was
critically important to maximization of negative geotaxis ability
across ages, whereas altering the number of exercise repetitions did
not change the outcome significantly (Table 1, hours of exercise-
by-age, p,.0001). One successful training regimen (bolded in
Table 1) was selected for further testing.
A training paradigm of five bouts of exercise per week, with a
ramped schedule of increasing duration, was retested on y
1w
67c23
flies, and additionally tested on two other genotypes, y
1w
1 and
Oregon R (Fig. 2A,B,C). Although these divergent genetic
backgrounds showed a varying degree of response to the training
program, all three showed a statistically significant improvement
in mobility (multivariate regression - y
1w
67c23: Treatment [days
21–37] p,0.001, y
1w
1: Treatment [days 19–37]: p,0.0001),
Oregon R: Treatment [days 17–33]: p,0.001]), indicating that the
training method is generally applicable and not specific to one
genotype. On the other hand, the difference in the magnitude of
response in different genetic backgrounds indicates that genetic
variation plays a major role in modulating exercise response in
flies, as it does in vertebrates. Which loci are of importance to
regulate this phenomenon will be an exciting source of inquiry in
upcoming years.
In order to assess potential unintended effects of treatment on
the Power Tower machine, an additional control was carried out
on Oregon R flies. In addition to the standard unexercised flies,
placed on the machine with a stopper to prevent running, another
cohort was kept in the incubator and scored for climbing at
identical times, but never placed on the machine at all. A fourth
cohort was kept in the incubator throughout the experiment, but
had a sponge stopper placed in their vials during the same time the
others were on the Power Tower. Flies that were never placed on
the training machine had a higher climbing index across ages than
did those on the Power Tower (multivariate regression, machine
Figure 1. Schematic representation of the Power Tower, a motor-operated enforced climbing apparatus that exercise-trains
Drosophila. (A): As the rotating arm circles around in a clockwise direction, the lever pushes down and the two platforms of vial holders rise up. (B):
As the rotating arm rolls off, the lever lifts and the platform of vial holders drops down. The flies drop to the bottom of the vial, inducing their
negative geotaxis instinct. The flies continue to repeat this process until the motor is shut off. Exercise-training thus occurs through continuous
climbing. (C): An image of the Power Tower.
doi:10.1371/journal.pone.0005886.g001
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drops by the machine may be exerting damaging effects on the
flies. However, this negative trend may be specific to mobility since
there is no difference in percent arrest rate in the unexercised flies
compared to flies that are never placed on the machine (data not
shown). In summary, exercise-training improves the climbing
ability of multiple genotypes in comparison to unexercised flies on
the machine at the same time. The sponge stopper treatment had
no measurable effect on flies’ climbing response, as flies kept off
the machine with a stopper had climbing indexes that were not
significantly different from flies kept off the machine without a
stopper (multivariate regression, stopper effect, p=0.3018,
Fig. 2C).
Exercise during aging
Aging vertebrates have been shown to retain the ability to
respond to exercise with changes in muscle size and fiber
composition [47,48] but it is unclear whether Drosophila can respond
to exercise at advanced ages, or whether age-related declines in this
model are irreversible. In order to test this directly, we raised
genetically identical, age-matched cohorts of y
1w
67c23 flies and
subjected them to exercise-training at various ages. Despite the fact
that this same genotype repeatedly demonstrates a dramatic
increase in climbing ability when exercised early in life (Fig. 2A),
exercise-training later in life showed no discernible effect. Cohorts
that began exercising at three weeks or five weeks of age were not
significantly different in their rate of age-related mobility decline
compared to unexercised cohorts on the machine at the same time
(multivariate regression; three-week, treatment-by-age: p=0.9893;
five week, treatment-by-age: p=0.9545, Fig. 2D,E).
Mitochondrial activity
In order to examine whether flies experience an increase in
mitochondrial activity in response to exercise-training, we
measured aconitase activity levels on total protein extracts from
exercise-trained and unexercised flies of the same age and
genotype. Aconitase activity was 30% higher in flies following a
three-week course of exercise-training (t-test, p=.037, Fig. 2F).
Exercise and cardiac senescence
Endurance exercise has long been known to benefit cardiac
performance in patients with a variety of pathologies, including
Table 1. Exercise-training regimens varying duration and bout number.
Regimens Week Monday Tuesday Wednesday Thursday Friday Results
Regimen 1 Week 1 0.25 0.5 0.75 1 1.25 p-value=0.0515
Week 2 1.5 1.75 2 2.25 2.5
Week 3 2.75 3 3.25 3.5 3.75
Regimen 2 Week 1 0.25/0.25 0.5/0.5 0.75/0.75 1/1 1.25/1.25 p-value=0.1312
Week 2 1.5/1.5 1.75/.75 2/2 2.25/2.25 2.5/2.5
Week 3 2.75/2.75 3/3 3.25/3.25 3.5/3.5 3.75/3.75
Regimen 3 Week 1 0.5 0.5/0.5 0.5 0.5/0.5 1 p-value=0.8572
Week 2 1.5 1.5/1.5 1.5 1.5/1.5 2
Week 3 2.5 2.5/2.5 2.5 2.5/2.5 3
Regimen 4 Week 1 0.5 0.5 0.75 0.75 1 p-value=0.0776
Week 2 1.5 1.5 1.75 1.75 2
Week 3 2.5 2.5 2.75 2.75 3.0
Regimen 5 Week 1 0.25 0.5 0.75 1 1.25 p-value=0.9563
Week 2 1.5 1.75 2 2.25 2.5
Week 3 2.75 3 3.25 3.5 3.75
Regimen 6 Week 1 0.5 0.5 0.5 0.5 1 p-value=0.6470
Week 2 1.5 1.5 1.5 1.5 2
Week 3 2.5 2.5 2.5 2.5 3
Regimen 7 Week 1 - - - - 2.0 p-value=0.6384
Week 2 -- - - 2 . 5
Week 3 -- - - 3 . 0
Regimen 8 Week 1 2.0 - 2.0 - 2.0 p-value=0.0036
Week 2 2.5 - 2.5 - 2.5
Week 3 3.0 - 3.0 - 3.0
Regimen 9 Week 1 2.0 2.0 2.0 2.0 2.0 p-value=0.0359
Week 2 2.5 2.5 2.5 2.5 2.5
Week 3 3.0 3.0 3.0 3.0 3.0
Columns 3–7 represent the number of hours the flies were exercised on each day. Multiple numbers indicate that flies were subjected to more than one training bout
on such days. Column 8 represents p-value for multivariate regression (treatment-by-age) of the negative geotaxis scores for exercised flies compared internally to
unexercised controls. Altering the ramping schedule by changing the length of exercise bouts had a highly significant effect on the age-dependent slope of negative
geotaxis (hours of exercise-by-age, p,.0001). Altering the number of bouts of exercise did not produce a significant effect (bouts-by-age, p=.7694).
doi:10.1371/journal.pone.0005886.t001
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improves cardiac resistance to damage from ischemia and
reperfusion [50–52]. Less well understood is the role of exercise
in slowing non-pathological declines in cardiac performance as a
result of normal aging. Many studies have examined exercise-
induced cardioprotection in young animals [53] and some have
evaluated exercise-induced cardioprotection in senescent animals
[54]. Here, we examine cardiac stress response in flies across ages
both during and following a course of exercise-training.
y
1w
67c23 flies were exercised from three days of age to three
weeks of age. Before, during, and after exercise-training, they were
subjected to a non-invasive cardiac pacing assay [55], and charted
for the percentage of flies that responded to pacing by entering a
fibrillation or arrest event. Those flies that experienced cardiac
arrest were observed for two minutes after stimulus to assess
whether they recovered functional heartbeat spontaneously.
y
1w
67c23 flies showed a significant difference in fibrillation rate in
response to pacing (Fig. 3A), but showed a statistically significant
improvement in rate of pacing-induced arrest at advanced ages (t-
test at five weeks, y
1w
67c23, p=.001, Fig. 3B). Furthermore, among
those that experienced arrest, a significantly higher percentage was
able to recover a normal heartbeat within two minutes (t-test at
five weeks, y
1w
67c23, p=.008, Fig. 3C).
In contrast to genetic interventions that impede cardiac
senescence [55,56,57] exercise-training does not show an imme-
diate effect when implemented. Rather, age-related increase in
arrest rate proceeds in the same way as in controls initially, then
reverses course. Experiments using fewer time points performed
on additional genotypes have produced similar results (data not
shown).
Diet/exercise interaction
In order to test the relationship between dietary restriction and
exercise-training, we utilized a strain of y
1w
1 flies that we
confirmed to respond to dietary restriction by extending its
lifespan (data not shown). The same strain has also been shown to
improve its mobility following exercise-training (Fig. 2B). Separate
cohorts of flies were subjected to exercise-training by our standard
protocol, while being fed on various diets. All flies were grown to
adulthood on standard 10% yeast/sucrose diet to avoid potential
developmental effects, then placed on experimental diets as adults.
Each diet contained 10% sucrose, while the amount of yeast was
varied in each.
Flies kept on 20% yeast, twice the normal amount in our
standard diet, displayed an unusually high mobility, whether
exercised or unexercised (Fig. 4A), implying that nutritional
components found in yeast (principally protein and lipid) may be
limiting for climbing ability in adult flies. This highly enriched diet
causes a reduced lifespan in unexercised flies [58, 59, data not
shown], and exercise-training did not rescue this effect. Indeed, all
100 flies in the cohort had died by day 15 of the experimental
timecourse. Flies kept on 10% yeast, the standard laboratory diet,
showed a similar response to exercise as was seen in prior
experiments (Fig. 4B,2B).
Figure 2. Negative geotaxis in aging, exercise-trained flies. (A): y
1w
67c23 exercise-trained flies (blue diamonds) improve their negative
geotaxis ability over their unexercised controls (red squares) by day 21 of the exercise-training regimen. This difference persists two weeks after
cessation of exercise (multivariate regression, treatment-by-age (days 21–37): p=0.0747; treatment effect (days 21–37) p,0.001). (B): y
1w
1 exercise-
trained flies (blue diamonds) demonstrate improvement in negative geotaxis from day 19 to 37 of the training regimen (multivariate regression,
treatment effect: p,0.0001). (C): Oregon R exercised-trained flies (blue diamonds) improve their negative geotaxis ability over unexercised controls
(red squares). A difference in climbing ability becomes apparent at day 17 of the time-course and this improvement over controls persists for at least
two weeks after cessation of exercise (multivariate regression, treatment effect (days 17–33): p,0.001). Untreated flies (green triangles) and untreated
flies with restricted movement (purple X) show no significant difference in negative geotaxis ability (multivariate regression, treatment effect:
p=0.3018). (D): y
1w
67c23 flies that began exercise-training at 3 weeks of age (blue diamonds) show no significant difference in climbing ability over
unexercised flies (red squares) (multivariate regression, treatment-by-age: p=0.9893). (E): y
1w
67c23 flies that began exercise-training at 5 weeks of age
(blue diamonds) show no significant differences in climbing ability over control flies (red squares) (multivariate regression, treatment-by-age:
p=0.9545). (F): Aconitase activity in total protein extract from whole flies is increased following three weeks of exercise (red) as compared to
isogenic, age-matched controls (blue) (t-test, p=.037).
doi:10.1371/journal.pone.0005886.g002
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significant lifespan extension as compared to the standard 10%
yeast diet. Such dietary restricted flies do not, however, display any
reduction in age-related mobility decline [60]. When subjected to
exercise-training, flies on 5% yeast respond with a significantly
improved mobility during the exercise course (multivariate
regression, treatment effect (days 15–29): p=0.0575, Fig. 4C),
suggesting that, although dietary restriction alone cannot improve
this aspect of functional senescence, dietary restriction in
combination with a regular program of exercise can provide some
of the benefits of both. However, unlike the same flies on 10%
yeast, flies on 5% yeast did not persist to show improved mobility
after the termination of the exercise program (compare Fig. 4B
with 4C).
Flies on 2.5% yeast exhibit a reduced lifespan (data not shown),
possibly due to malnutrition. Under these dietary conditions,
Figure 3. Cardiac stress resistance tests for exercise-trained and unexercised flies. (A): There is no significant difference in fibrillation rate
of y
1w
67c23 flies after cardiac electrical pacing between exercised (blue diamonds) and unexercised flies (red squares) (multivariate regression,
treatment-by-age: p=0.1947, chi-square=1.682). (B): y
1w
67c23 cardiac arrest rate in response to electrical pacing is shown for exercise and
unexercised flies across five weeks. Exercise-trained flies (blue diamonds) display a lower arrest rate than unexercised flies (red squares) by five weeks
(t-test, p=0.001). (C): y
1w
67c23 exercise-trained flies (blue diamonds) have a higher arrest-recovery rate at five weeks than unexercised flies (red
squares) (t-test, p=0.008). All lines represent straight connective lines between data points, and are not fitted to a best-fit model.
doi:10.1371/journal.pone.0005886.g003
Figure 4. Influence of dietary yeast on negative geotaxis of aging, exercise-trained flies. (A): On a 20% yeast, 10% sucrose diet, both
exercise-trained flies (blue diamonds) and unexercised y
1w
1 flies (red squares) exhibit high climbing ability. (B): On the standard 10% yeast, 10%
sucrose diet, y
1w
1 exercise-trained flies (blue diamonds) improve their negative geotaxis ability over unexercised controls (red squares) by day 11 of
the regimen and this difference persists two weeks after cessation of exercise-training (multivariate regression, treatment effect (days 11–36):
p,0.0001). (C): On a 5% yeast, 10% sucrose diet, exercise-trained flies (blue diamonds) show a smaller, yet still significant improvement in negative
geotaxis ability over unexercised controls (red squares) (multivariate regression, treatment effect (days 15–29): p=0.0575). (D): On a 2.5% yeast, 10%
sucrose diet, exercise-trained flies (blue diamonds) have a reduction in their negative geotaxis ability compared to unexercised flies (red squares)
(multivariate regression, treatment effect: p,0.0001). (E): Negative geotaxis ability of exercise-trained y
1w
1 flies are re-graphed by diet (purple Xs:
20% yeast; blue diamonds: 10% yeast; green triangles: 5% yeast; red squares: 2.5% yeast). Slope of decline in negative geotaxis ability is dependent
upon the amounts of yeast in the diet (multivariate regression, diet-by-age: p=0.0573). (F): Difference in climbing index score between exercise-
trained and unexercised flies on various yeast diets.
doi:10.1371/journal.pone.0005886.g004
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hastening of age-related mobility decline (Fig. 4D), most likely due
to an insufficient energy intake.
When the mobility of exercise-trained flies across diets is
compared directly, it seems clear that the degree of dietary yeast is
correlated with climbing speed (multivariate regression, diet-by-
age: p=0.0573, Fig. 4E), as following two weeks of regular
exercise, the mobility of flies on different diets shows the same rank
order as the yeast concentration. This ceases to be the case after
exercise is discontinued, however, as post-exercise mobility rapidly
becomes similar again regardless of diet (Fig. 4E).
A difference plot between exercised and unexercised flies on each
diet (Fig. 4F) reveals that differences are seen very early following
induction of exercise and once the difference in mobility manifests
itself, it remains relatively constant throughout the course of exercise,
suggesting that long-term changes, rather than gradual changes, are
induced on a short time-scale by exercise in flies. Also evident from
this difference plot is that although the highest degree of climbing
speed is achieved with 20% yeast, the biggest exercise-induced
change in climbing speed comes at 10% yeast, with 5% yeast also
showing a significant increase. Flies on 20% yeast exhibit a similar
high climbing speed whether exercised or not, while flies on 2.5%
yeast actually become slower climbers when exercised (Fig. 4F).
In order to examine the role of dietary carbohydrate levels in
modulating the exercise response in flies, we exercise-trained y
1w
1
flies while feeding them on 2.5%, 5% or 20% sucrose. The yeast
concentration was held steady at 10% throughout.
On 20% sucrose, twice the amount of sugar as in our standard
laboratory diet, little difference in mobility was seen during the
first two weeks of exercise training (Fig. 5A). Lifespan is greatly
reduced on this enriched diet (data not shown). After two weeks of
exercise, the sample size of surviving flies became too low for
reliable statistical analysis, and after three weeks, all flies in the
cohort had died.
On 5% sucrose, half the amount of sugar in our standard diet,
no difference in mobility was observed during the training course
(Fig. 5B), although a small, but statistically significant reduction in
mobility among the exercised cohort was observed in the two
weeks immediately after training was halted (multivariate
regression, treatment effect (days 19–29): p,0.0001, Fig. 5B).
On 2.5% sucrose, a level of carbohydrate intake that results in a
reduced lifespan, the exercised cohort experienced a small, but
significant increase in its age-related mobility decline, in
comparison with unexercised controls (multivariate regression,
treatment effect (days 19–36): p=0.0088, Fig. 5C).
When comparing mobility of exercise-trained flies across
different percentages of sucrose in the diet (Fig. 5D), there is not
quite as clear of a distinction between the amount of sucrose
available to flies and their climbing performance as there is when
examining different amounts of yeast (Fig. 4E).
A difference plot reveals that reduced sucrose diets actually
cause a mild loss of climbing speed during exercise training,
whereas flies on the standard laboratory 10% diet respond early by
improving climbing speed and maintain that difference through-
out and following exercise (Fig. 5E). Although we cannot detect
any linear relationship between sucrose levels and response to
exercise, it seems that a minimum amount of dietary sugar is
required for exercise to produce improvements in climbing speed.
Taken together, these results indicate that dietary yeast plays a
much larger role in modifying the response to exercise-training
Figure5. Negative geotaxis is shown for y
1w
1 while changing the amount of sucrose in the diet and keeping yeast levels constant. (A):
On a 20% sucrose, 10% yeast diet, no apparent difference is seen early on in the time-course of exercise-training. Lifespan was greatly reduced on this
diet, therefore too small of a sample size was available for statistical analysis. (B): On a 5% sucrose, 10% yeast diet, exercise-trained flies (blue diamonds)
have a reduction in negative geotaxis ability compared to unexercised controls (red squares) (Treatment (days 19–29): p,0.0001). (C) On a 2.5%, 10%
yeast diet, exercise-trained flies (blue diamonds) have a decline in negative geotaxis ability compared to unexercised controls (red squares) (Treatment
(days 19–36): p=0.0088). (D): Negative geotaxis ability of exercise-trained y
1w
1 flies are graphed by diet (purple Xs: 20% sucrose; blue diamonds: 10%
sucrose; green triangles: 5% sucrose; red squares: 2.5% sucrose). (E): A difference plot between exercise-trained and unexercised flies on various sucrose
diets. Data for 10% yeast, 10% sucrose diet is derived from the experiment shown in Figure 4B and is reused for comparative purposes.
doi:10.1371/journal.pone.0005886.g005
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yeast constitutes the only source of both protein and lipid. Both of
these components have been proposed to play a role in the
regulation of lifespan [58,59] and exercise response [61,62].
Future experiments will examine in more detail whether protein,
lipid or both are critical to this response in flies.
Mitochondrial Efficiency and Exercise-Training
Changes in mitochondrial activity and efficiency are known to
result from endurance exercise-training in multiple species [63,64].
Such changes are thought to contribute to beneficial alterations in
the metabolic state of exercised animals.
A fly line selectively bred for longevity over many generations
(designated La) exhibits an improved mitochondrial efficiency [65]
in comparison to its wild-caught, isogenized progenitor line
(designated Ra). La and Ra flies were exercise-trained and tested
for mobility during three weeks of exercise and for two weeks post-
exercise.
The mitochondrial-efficient La line displayed extraordinarily
high mobility both before and during exercise-training (Fig. 6A).
Despite the already high mobility of these flies, a small, statistically
significant, improvement occurred following the exercise course as
compared to unexercised La flies (multivariate regression,
treatment effect: p,0.0001). By contrast, the progenitor Ra flies
displayed a low pre-exercise mobility, similar to other wild-type
genetic backgrounds (compare Fig. 6A to Fig. 2C). Exercise-
training, however, produced a much more dramatic reduction in
age-related mobility decline in Ra flies than in La flies
(multivariate regression, treatment effect, p,0.0001; treatment-
by-age: p=0.0023, Fig. 6A).
In cold-blooded invertebrate species, an increase in mitochon-
drial activity can be reflected by an increase in baseline activity
levels. Consistent with this idea, exercised y
1w
67c23 flies displayed a
significant impedance of age-related decline in baseline activity, as
measured by longitudinal single-fly activity monitoring (multivar-
iate regression, treatment-by-age: p=0.0365, Fig. 6B). In these
experiments, the amount of movement exhibited by flies in a
defined period of time is measured. Unlike the negative geotaxis
assay, no inducement is given to flies to provoke movement.
Baseline activity was measured at the same time each day to
control for potential circadian effects, and was measured prior to
daily exercise to eliminate potential effects of fatigue. In this
context, unexercised La flies also behave as if they had been
exercised, displaying a high activity rate that persists throughout
the first three weeks of age, after wild-type, unexercised flies have
experienced a significant reduction in activity (Figure 6B).
We also subjected mitochondrial-efficient La flies to cardiac
stress tests once a week from one to five weeks of age. Unlike wild-
type flies (Fig. 3), La flies show no difference in pacing-induced
arrest rate or in arrest-recovery rate following exercise (multivar-
iate regression, treatment: p=0.8688, Treatment-by-age:
p=0.3784, Fig. 6C).
These results are consistent with a model in which changes in
mitochondrial efficiency are a significant factor in converting
exercise-training into a slower age-related mobility decline, but
play little or no role in converting exercise-training into slower
age-related decline in cardiac stress resistance. The genetic and
cellular mechanisms responsible for the effect of exercise on
cardiac aging remain to be elucidated.
Discussion
Drosophila as an exercise-training model
Controlled programs of exercise have long been known to
provide a wide spectrum of physiological benefits to aging humans
and other animals. However, the relationship between controlled,
regular exercise and the rate of change in mobile capacity that
comes about with aging is still not well understood. Furthermore,
although progress has been made in identifying genetic factors
involved in tissue-specific responses to exercise, especially in
skeletal muscle [66–68] it is likely that additional potentially
therapeutic genetic factors remain to be identified.
Most vertebrate studies, including those with humans as
subjects, have employed cross-sectional study designs, due to the
high cost and expense of doing longitudinal studies on long-lived
species. Rarely have such studies employed multiple genetic
backgrounds or inter-crossed animals. Invertebrate studies on
exercise during aging have been even fewer, in large part due to
Figure 6. Mito-efficient flies display improved mobility. (A): Negative geotaxis of aging, exercise-trained, La flies. Ra exercise-trained flies
(green triangles) display improvement in climbing index at day 7 of the exercise-training regimen and this difference persists two weeks after
cessation of exercise-training compared to the unexercised controls (purple Xs) (multivariate regression, treatment, p,0.0001; treatment-by-age:
p=0.0023). In contrast, La flies show a slower age-related decline in mobility compared to Ra flies (La exercise-trained (blue diamonds) versus Ra
exercise-trained (green triangles): (multivariate regression, genotype-by-age: p,0.0001). (B): Activity rate is measured as number of times crossing a
beam threshold per 10 minutes during 2-hour intervals. y
1w
67c23 exercise-trained flies (blue diamonds) have higher activity rates over 4 weeks
compared to y
1w
67c23 unexercised flies (red squares) (multivariate regression, treatment-by-age: p=0.0365) and y
1w
67c23 control flies (green triangles)
not placed on the Power Tower. Unexercised flies placed on the machine and control flies not placed on the machine are not significantly different
from each other (multivariate regression, treatment-by-age: p=0.2237). La flies (purple Xs) not placed on the machine have a much higher activity
rate throughout 4 weeks compared to the wildtype. (C): Arrest rate for La exercise-trained flies (blue diamonds) is not significantly different from La
unexercised flies (red squares) across 5 weeks (multivariate regression, treatment: p=0.8688, treatment-by-age: p=0.3784).
doi:10.1371/journal.pone.0005886.g006
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model species, such as flies and worms.
Here we present a novel exercise-training device for Drosophila,
suitable for both large isogenized populations and longitudinal
experimental designs. The effects of exercise can be evaluated by a
suite of non-invasive assays for mobility and cardiac performance.
Since age-related declines in both mobility and cardiac function
occur almost entirely within the first five weeks of life
[42,44,45,55,58,60] use of Drosophila allows rapid testing of genetic
or environmental interventions. The public availability of
mutations covering most of the Drosophila genome is also conducive
to rapid screening for novel loci that modulate the physiological
response to exercise.
Prior experiments using insect models to examine the
relationship of exercise to aging have utilized continuous increase
in flying activity as an exercise stimulus. Under these conditions,
exercise was shown to increase oxidative stress, as well as resulting
oxidative damage, and to decrease lifespan [35,36]. We have
instead employed running as an exercise stimulus. Since studies on
human athletes and vertebrate models have indicated that
controlled exercise programs of gradually increasing duration
are more beneficial than continuous high levels of exercise [69],
we have utilized a gradual, ramped program of training in the fly
model system. We have identified a particular exercise program
that provides several benefits that are reminiscent of the
physiological changes seen in vertebrates following exercise-
training, 1) increased performance in climbing/running ability,
2) increase in cardiac stress resistance, 3) increase in mitochondrial
activity. These similarities strongly suggest that the changes seen in
Drosophila during exercise-training are conserved, and justify the fly
as a model system for further study of exercise-based anti-aging
mechanisms.
Exercise slows age-related functional decline
Young flies that are exposed to a regular exercise course display
a significant reduction in age-related functional declines, both in
mobility and in cardiac stress resistance. Interestingly, in both
functions that we measured during the aging process, improve-
ment persisted after exercise was halted, indicating that long-term
changes are induced by this training program.
Some differences exist in the two responses assayed, however.
The mobility of exercised flies begins to diverge from that of
unexercised controls rapidly after induction of exercise. Indeed,
the pattern of mobility decline seen in exercised flies is consistent
with a delayed onset of age-related symptoms, as the mobility of
exercised flies declines at a similar rate to that of unexercised flies,
once the decline begins (Fig. 2).
By contrast, cardiac stress resistance appears to decline at the
same rate as unexercised controls for the first three weeks of life,
while exercise-training is in progress. It is later, at four and five
weeks of age, that a difference appears, as exercised flies halt their
decline in stress resistance, and show dramatic improvements in
both arrest rate and in ability of arrested hearts to regain normal
function (Fig. 3). These patterns are likely to be generally
applicable, as they are seen in multiple genetic backgrounds
consistently. The difference in the pattern of response in these
physiological assays suggests that either exercise-induced improve-
ment in different organ systems comes about through multiple
mechanisms, or that the same mechanisms act on different time-
scales in different tissues. We favor the former possibility, since a
genetic model for increased mitochondrial efficiency, the La fly,
exhibits potent effects on mobility without any demonstrable effect
on cardiac senescence.
Exercise is known to produce acute benefits to the physiology of
aging humans, and to improve symptoms associated with age-
related pathologies [70]. In flies measured longitudinally across
ages, however, we see no substantial slowing of age-related decline
following late induction of exercise (Fig. 2). One possible
explanation for this is that the exercise course most capable of
producing long-term physiological changes is quite a strenuous
one. It may be that older flies are not capable of executing such a
program without sustaining damage that does as much harm as
good.
An alternate explanation is that the age-related decline in flies’
negative geotaxis response and resistance to cardiac stress is largely
complete by three weeks of age, despite the fact that this age is less
than the mean lifespan for these genetic backgrounds. This
interpretation is consistent with previous experiments in which the
slope of age-related decline in negative geotaxis [45] and cardiac
stress resistance [55–57] is, in fact, highest between one and three
weeks of age, after which a leveling off occurs prior to the
population entering a log phase of mortality.
While changes in diet are capable of producing instant, acute,
and reversible effects on mortality [71], we see no evidence that
exercise affects functional aging in the same way. Rather, it seems
that an early, regular program of exercise during young adulthood
creates long-term physiological changes that produce substantial
benefits to late-life function. Once substantial decline has
occurred, exercise-training is not effective at reversing the trend.
Exercise and cardiac senescence
During the process of normal aging, cardiac function in
Drosophila undergoes measurable changes in several aspects of
performance [72]. A particularly sensitive assay for physiological
age in fly cardiac function is external electrical pacing [42].
Temporary acceleration of heart rate causes some percentage of
flies to undergo either fibrillation or arrest events. The likelihood
that an individual fly will experience such an event is highly age-
dependent, and the incidence of both fibrillation and arrest
increases dramatically with age, while the percentage of flies able
to recover from such events declines with age [55].
Genetic factors that regulate lifespan in multiple species exert
tissue-autonomous effects on this measure of cardiac senescence.
Both insulin signaling [55] and TOR activity [57] affect both
fibrillation and arrest rates. Other factors have been shown to
affect one of these factors preferentially. For example, the
potassium channel KCNQ has profound effects on the age-related
decline in rhythmicity without affecting contractile strength [56],
while mutations in the fly dystrophin gene lead to profound
abnormalities in contractile force [73].
Exercise-training has a significant, but specific, effect on the rate
of cardiac senescence. The rate of arrest in response to acute stress
is markedly reduced in older flies that have been exercised, in
comparison to unexercised controls (Fig. 3). However, fibrillation
rate is relatively unaffected. Exercise-training seems, therefore, to
specifically protect against age-related declines in contractile
ability and the capacity to increase contractile rate without failure,
but we can detect no evidence of an effect on electrical
conductivity or rhythmic regulation.
Dietary restriction and exercise-training
The relationship between dietary restriction, exercise-training
and functional aging is a complex one. Dietary restriction is known
to extend maximal lifespan in multiple species, but has not been
demonstrated to improve mobile capacity in aged flies. Indeed,
diets that produce significant lifespan extension are unable to slow
age-related decline in negative geotaxis ability [58] or in cardiac
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exercise-training significantly preserves motility during aging in
flies, but is not capable of extending maximal lifespan. Dietary
restriction causes an immediate, acute change in mortality rate
that can be reversed equally rapidly by restoring flies to their
standard diet [58]. By contrast, exercise-training produces a rapid
response that persists even after exercise has been stopped. These
differences argue in favor of a difference in mechanism between
dietary restriction and exercise-training. If these interventions act
through separate mechanisms, the encouraging possibility exists
that both dietary restriction and exercise-training could act in
parallel to simultaneously provide the benefits of both. These
results support such a possibility, as flies on a 5% yeast diet, a diet
that produces significant lifespan extension, also respond robustly
to exercise-training simultaneously (Fig. 4), albeit not as strongly as
flies on a standard diet.
The maximal baseline mobility in flies correlates with the
maximum yeast contained in the diet, consistent with a model in
which acute yeast levels are a limiting factor in immediate mobile
capacity. Interestingly, changes in dietary yeast have much more
profound effects on the response to exercise than do changes in
sugar (Fig. 4, 5). Similar results have been seen in the relationship of
diet to lifespan extension, where yeast restriction alone can generate
significant lifespan extension in some cases, whereas sugar/
carbohydrate restriction cannot. Recent studies have also indicated
that the ratio of protein to sugar in the diet may be more important
to lifespan regulation than the raw amounts of either component
[59]. It remains to be seen whether protein/carbohydrate ratio is
also important for regulating the exercise response in flies.
Mitochondrial activity during exercise
Changes in mitochondrial biogenesis and mitochondrial
efficiency are thought to be an integral part of the conserved
response to exercise in many species [75,76,77]. Likewise, changes
in mitochondrial efficiency and levels of ROS production are
thought to underlie lifespan extension via dietary restriction.
Exercise upregulates global levels of mitochondrial activity in
flies, as judged by aconitase activity levels (Fig. 2F). Long-lived flies
with improved mitochondrial efficiency (La) display high baseline
mobility, then undergo a small further extension in mobility
following exercise-training (Fig. 6). The wild-type background
control flies (Ra), by contrast, begin with a much lower mobility
level, then increase dramatically following exercise (Fig. 6).
These results support a model in which mitochondrial efficiency
is a significant determining factor in both baseline mobility and the
capacity for animals to respond to exercise-training by improving
mobility. The fact that La flies still demonstrate some degree of
improvement following exercise argues that, although mitochon-
drial changes are a critical part of the exercise response, other
factors are also involved. At this time, we cannot rule out the
possibility that other undiscovered differences between La and Ra
flies also contribute to the phenotypes observed here.
The ability to model exercise-training in Drosophila opens the
door to many future avenues for dissecting the response of various
organ systems to exercise during the aging process. The
relationship of exercise and aging to other environmental factors,
such as global metabolism, diet, and genetics, can be plausibly
explored using this model using both longitudinal and cross-
sectional study designs.
The identification of conserved genetic factors necessary for
exercise to produce physiological changes in the fly system will
have implications, not only for the basic biology of aging and
exercise physiology, but will coincidentally identify potential
therapeutic targets that may allow the benefits of exercise to be
provided to patients unable to exercise, due to injury or pathology.
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